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(54) METHOD AND APPARATUS FOR GENERATING TEMPORALLY CONSISTENT SUPERPIXELS

(57) A method and an apparatus for generating su-
perpixels for a sequence ofimages are described. A clus-
ter assignment generator (22) generates (10) a cluster
assignment for a first image of the sequence of images,
e.g. by clustering pixels of the firstimage into superpixels
or by retrieving an initial cluster assignment for the first
image and processing only contour pixels with regard to
their cluster assignment. A label propagator (23) initial-
izes (11) subsequent images based on a label propaga-
tion using backward optical flow. A contour pixel proces-
sor (24) then processes (12) only contour pixels with re-
gard to their cluster assignment for subsequent images
of the sequence of images.
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Description
FIELD OF THE INVENTION

[0001] The presentinvention relates to a method and an apparatus for generating temporally consistent superpixels
for a video sequence. More specifically, a method and an apparatus for generating temporally consistent superpixels
are described, which make use of contour evolution.

BACKGROUND OF THE INVENTION

[0002] Superpixel algorithms represent a very useful and increasingly popular preprocessing step for a wide range of
computer vision applications, such as video segmentation, tracking, multi-view object segmentation, scene flow, 3D
layout estimation of indoor scenes, interactive scene modeling, image parsing, and semantic segmentation. Grouping
similar pixels into so called superpixels leads to a major reduction of the image primitives. This results in an increased
computational efficiency for subsequent processing steps, allows for more complex algorithms computationally infeasible
on pixel level, and creates a spatial support for region-based features.

[0003] Superpixel algorithms group pixels into superpixels. As indicated in [1], superpixels are local, coherent, and
preserve most of the structure necessary for segmentation at the scale of interest. Superpixels should be roughly
homogeneous in size and shape. Though many superpixel approaches mostly target still images and thus provide only
a limited or no temporal consistency at all when applied on video sequences, some approaches target video sequences
[2][3]. These approaches start to deal with the issue of temporal consistency.

[0004] The superpixel generation in itself does not necessarily lead to spatially coherent superpixels. Thus, a post-
processing step is required to ensure the spatial connectivity of the pixels comprised in the clusters and thus the super-
pixels. In addition, in [4] it was stated that the post-processing method proposed in [5] assigns the isolated superpixel
fragments to arbitrary neighboring superpixels without considering any similarity measure between the fragments and
the superpixels they are assigned to. Contour evolution approaches as proposed in [4] can overcome this drawback,
often at the cost of a high number of iterations. In addition, they often focus on stillimages and thus leave the temporal
consistency issue unsolved.

SUMMARY OF THE INVENTION

[0005] It is an object of the present invention to propose an improved solution for generating temporally consistent
superpixels associated to images of a sequence of images.

[0006] According to the invention, a method for generating temporally consistent superpixels for a sequence of images
comprises:

- generating a cluster assignment for a first image of the sequence of images;

- initializing subsequent images based on a label propagation using backward optical flow; and

- for subsequent images of the sequence of images, processing only contour pixels with regard to their cluster as-
signment.

[0007] Accordingly, an apparatus configured to generate temporally consistent superpixels for a sequence of images
comprises:

- a cluster assignment generator configured to generate a cluster assignment for a first image of the sequence of
images;

- alabel propagator configured to initialize subsequent images based on a label propagation using backward optical
flow; and

- a contour pixel processor configured to process only contour pixels with regard to their cluster assignment for
subsequent images of the sequence of images.

[0008] Also, a computer readable storage medium has stored therein instructions enabling generating temporally
consistent superpixels for a sequence of images, wherein the instructions, when executed by a computer, cause the
computer to:

- generate a cluster assignment for a first image of the sequence of images;
- initialize subsequent images based on a label propagation using backward optical flow; and
- forsubsequentimages of the sequence ofimages, process only contour pixels with regard to their cluster assignment.
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[0009] Furthermore, a computer program comprises instructions enabling generating temporally consistent superpixels
for a sequence of images, wherein the instructions, when executed by a computer, cause the computer to:

- generate a cluster assignment for a first image of the sequence of images;
- initialize subsequent images based on a label propagation using backward optical flow; and
- forsubsequentimages of the sequence ofimages, process only contour pixels with regard to their cluster assignment.

[0010] The proposed solution introduces a contour evolution-based strategy for the clustering-based superpixel ap-
proach described in [6]. Instead of processing all pixels in the video volume during the clustering only the contour pixels
are processed. Therefore, in each iteration only the contour pixels can be changed, i.e. assigned to a different cluster.
The other pixels keep their previous assignment. New images entering the video volume are initialized by propagating
the contours of the latest image utilizing backward flow information.

[0011] Inone embodiment, generating the cluster assignment for the firstimage of the sequence of images comprises
clustering pixels of the first image into superpixels.

[0012] In another embodiment, generating the cluster assignment for the first image of the sequence of images com-
prises retrieving an initial cluster assignment for the first image and processing only contour pixels with regard to their
cluster assignment. The initial cluster assignment for the first image is created by the tessellation of the image using
geometric shapes, which can be e.g. squares, rectangles or hexagons. All pixels covered by the same shape are assigned
to the same cluster. This finally results into the initial cluster assignment.

[0013] A fully contour-based approach for superpixels on video sequences is proposed, which is expressed in an
expectation-maximization (EM) framework, and generates superpixels that are spatially coherent and temporally con-
sistent. An efficient label propagation using backward optical flow encourages the preservation of superpixel shapes
when appropriate.

[0014] With the proposed approach in general no post-processing step is required to ensure spatial coherency after
the clustering. At the same time the generated superpixels show a high boundary/contour accuracy and a high temporal
consistency. In addition, the approach works reasonably fast due to selective processing. The generated superpixels
are beneficial for a wide range of computer vision applications, ranging from segmentation, image parsing to classification
etc.

[0015] For a better understanding the invention shall now be explained in more detail in the following description with
reference to the figures. Itis understood that the invention is not limited to this exemplary embodiment and that specified
features can also expediently be combined and/or modified without departing from the scope of the present invention
as defined in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

Fig. 1  shows an example of superpixels with temporal consistency;

Fig. 2 shows a 5X5 pixel-neighborhood between two superpixels;

Fig. 3 illustrates possible variations of superpixel label propagation to new frames;

Fig. 4  explains problems occurring when propagating whole superpixels by mean optical flow;

Fig. 5 schematically illustrates a method according to the invention; and

Fig. 6 schematically illustrates an apparatus configured to perform a method according to the invention.
DETAILED DESCRIPTION OF PREFERED EMBODIMENTS

[0017] Fig. 1 shows an example of superpixels with temporal consistency. While Fig. 1(a) depicts the original image,
in Fig. 1(b) a full segmentation of the video was performed and a subset of superpixels was manually selected in one
image and provided with grey values for visualization. Fig. 1(c) shows the same subset after several images. The same
grey value means temporal connectedness.

[0018] For abetter understanding of the main idea, in the following the contour evolution-based approach is first briefly
described for still images and then extended to video using a slightly different explanatory approach.
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Short brief description for still images

[0019] For clustering-based approaches, pixels of an image are seen as data points in a multi-dimensional feature
space, in which each dimension corresponds to a color channel or image coordinate of the pixels. Superpixels are
represented by clusters in this multi-dimensional feature space and each data point can only be assigned to one cluster.
This assignment finally determines the over-segmentation and thus the superpixel generation.

[0020] In order to find an optimal solution for this assignment problem using a fully contour evolution-based approach,

an energy function E;,,; is defined, which sums up the energy E(n,k) that is needed to assign a contour pixel n € ]\[l‘:

to acluster k € :Kn :

Etotal = Z E(n; k);

neN,

where «N,‘; is the set of contour pixels in the image and :Kn is the set of clusters that are adjacent to the contour pixel
n and to the cluster to which the contour pixel n is assigned. The energy E(n,k) can be further refined as the weighted
sum of a color-difference related energy E(n,k) and a spatial-distance-related energy Ey(n,k):

Enk) =1 —-a)E.(n k) + aE,(n, k).

[0021] The energy E(n,k) is directly proportional to the Euclidean distances between the contour pixel n and the color
center of cluster k in the chosen color space. Likewise, E4(n,k) is proportional to the Euclidean distance of the spatial
position of n and the spatial position of the center of cluster k. In order to make the results independent from the image

size, the spatial distance is scaled with the factor 1/ / |]\/‘|/|f]{‘| , Where || is the number of elements in a set, N

the set of all pixels in the image and K the set of all clusters in the image. With the parameter « the user can steer
the segmentation results to be more compact or more sensitive to fine-grained image structures. For a given number of

clusters | /( | and a user-defined «, an optimal over-segmentation in terms of energy can be determined by finding a
constellation of clusters that minimizes E;;,,.

[0022] The assignment problem is solved by applying an iterative Lloyd’s algorithm, which converges to a locally
optimal solution. The clusters are initialized as evenly distributed, non-overlapping rectangles or squares, for example,
in the spatial subspace. To minimize the energy term E;;; the algorithm iterates two alternating steps, the assignment-

step and the update-step. In the assignment-step, each contour pixel n is assigned to the cluster k € :}(n , for which

the energy term E(n,k) has its minimum given the set Ky .« The other pixels that are not contour pixels keep their
assignments. Based on the assignments, the parameters of the cluster centers are re-estimated in the update-step by
calculating the mean color and mean position of their assigned pixels. The iteration stops when no changes in the
assignment-step are detected or a maximum number of iterations have been performed.

[0023] A contour pixel n is a pixel with at least one adjacent pixel that is assigned to a different cluster. The set of all

contour pixels «N,‘; is a (small) subset of the set ' . The cluster the contour pixel n is assigned to and all clusters of

the adjacent pixels, which are assigned to a different cluster than n, form the set X, .

[0024] In order to minimize the bias caused by a constant scan-order used to traverse the image in the assignment
step, it should be changed with each iteration. Possible scan-orders are, for example, left-to-right and top-to-bottom,
right-to-left and top-to-bottom, left-to-right and bottom-to-top, right-to-left and bottom-to-top.

[0025] As «N,‘; and :Kn (and not ' and J ) are taken into consideration to determine E;,; the processing
load is significantly reduced.

Approach for videos

[0026] As indicated in the beginning, superpixel algorithms group spatially coherent pixels that share the same low-
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levelfeatures as e.g. color or texture into small segments of approximately same size and shape. Therefore, one important
and inherent constraint is that the boundaries of the superpixels should comply with the main object boundaries present
in the image. This capturing of the main object boundaries is rather important for image or video segmentation built upon
the initial superpixel segmentation. Moreover, for a superpixel segmentation on video content it is necessary to capture
the temporal connections between superpixels in successive images in order to achieve a consistent labeling that can
be leveraged for applications like tracking or video segmentation.

[0027] As mentioned before, the approach described here extends the approach described in [6], entitled Temporally
Consistent Superpixels (TCS). For a better understanding the main ideas of TCS shall be shortly summarized in the
following,

[0028] Ingeneral, TCS performs an energy-minimizing clustering on a video volume utilizing a hybrid clustering strategy
for a multi-dimensional feature space, which is separated into a global color subspace and multiple local spatial sub-
spaces.

[0029] More specifically, the energy-minimizing framework used in TCS clusters pixels based on their five dimensional
feature vector [labxy], which contains the three color values [lab] in CIE-Lab-color space and the pixels coordinates [xy].
In order to capture the temporal connections between superpixels in successive images, the clustering is performed
over an observation window spanning K images. The separated feature space is realized in the following way. Each
cluster center representing one temporal superpixel consists of one color center for the complete observation window
and multiple spatial centers with one for each image in the observation window. The underlying assumption is that a
temporal superpixel should share the same color in successive images but not necessarily the same position.

[0030] For the observation window that is shifted along the timeline an optimal set of cluster centers ©,,; as well as
a mapping o, of the pixels inside the observation window to these cluster centers are obtained. Therefore, an energy
function is defined, which sums up the energies necessary to assign a pixel at position x,y in image k to a cluster center
0 € O,y This assignment or mapping is here denoted by o, , ;.

Etotal = Z z(l - CZ) EC(X, y: k! Ux,y,k) + aEs (X, y: k! O-x,y,k)-
k xy

[0031] The energy needed for an assignment is the weighted sum of a color dependent energy Ey(x,y,k, 0y, ) and a
spatial energy Es(x,y,k,crx,y,k). Both energy terms are proportional to the Euclidean distance in color space and image
plane, respectively. The trade-off between color-sensitivity and spatial compactness is controlled by a weighting factor
a, which has a range between 0 (fully color-sensitive) and 1 (fully compact). The energy function is minimized using an
iterative optimization scheme, which can be viewed as an expectation-maximization (EM) approach.

[0032] In the E-step (Expectation-step) of iteration /+1 a new estimation of the optimal mapping, here denoted as

6‘;3},(, is determined, which minimizes E,,; based on the estimation of the optimal set of cluster center @épt

calculated in the M-step (Maximization-step) of iteration /.

[0033] After that, the estimation of the optimal cluster set @é';% is updated in the M-step of iteration /+1 given the

updated mapping by calculating the mean color and mean spatial values of the assigned pixels. The alternation of the
two steps continues until the energy E;;,; drops below a specific bound or a fixed number of iterations is performed. In
the hybrid clustering proposed for TCS, only the Kg < K most future images in the observation window are reassigned
during the optimization. For the remaining K - K- images the determined mapping is kept in order to preserve the color
clustering found.

[0034] The observation window is shifted along the video volume and new images entering the observation window
are initialized as described in more detail below. To ensure the spatial coherency of the generated temporally consistent
superpixels a contour-based post processing step is applied.

[0035] Reuvisiting the ideas of TCS, the following two observations were made: (a) In order to achieve a higher run-
time performance, the initial energy-minimizing cluster and the contour-based post processing are separated steps. (b)
New images added to the observation window are initialized by projecting only the spatial centers of the preceding image
into the new image. As a consequence the shape information obtained in the images before is at least partially discarded.
[0036] In contrastto TCS, the energy function E;,; for the proposed approach is only optimized for pixels at a contour
(or boundary) of a superpixel, so called contour pixels. A contour pixel at position x, y has at least one pixel in its 4-

connected neighborhood ]V;fy , Which is assigned to a different cluster, i.e. a temporal superpixel, or is unassigned.
The occurrence of unassigned pixels and their handling is described in detail below. Moreover, the assignment of a
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contour pixel can only be changed to one of the clusters of the pixels in Nx4y . The E-step of the optimization is

expressed as

Gus = argmin (11— )E,(x,y,k, 63%5,,,() + aE(x,y,k, 63%5,,,() Vx,y € C}.

sl ooaca
%71 X TNy

where C,i is the set of contour pixels after iteration step / in frame k. The optimization is done for the K- most future

images in the observation window. The M-step remains unmodified. The optimization can be terminated if there are no
further assignment changes for the contour pixels or if a maximum number of iterations has been reached.

[0037] In addition to the description above, there are two constraints. First, an assignment change is only done if the
spatial coherency of the superpixels is guaranteed. This constraint prevents that fragments of a temporal superpixel are
split-off during the optimization, as shown in Fig. 2. The three subfigures show a 5Xx5 pixel-neighborhood between two
superpixels (light grey and dark grey). If the centered pixel (medium grey in (b)) changes its assignment, the two pixels
on its right lose connection to the light grey superpixel and thus they would be split-off from the main mass (as shown
exemplarily in (c)). Therefore, no assignment change is performed in situations like these.

[0038] Second, if a contour pixel is unassigned, it is assigned to the cluster of one of its adjacent pixels based on

~Al+1

O-x,y,k .

needed anymore and can be omitted. Although especially the first constraint limits to some extent the flexibility of how
the temporal superpixels can adapt to the video content, experiments have proven that it does not have a negative
impact on the segmentation accuracy.

[0039] Asmentioned above, TCS initializes new images only by projecting the spatial centers into a new image entering
the observation window. Therefore, the weighted average of the dense optical flow determined over all pixels assigned
to a cluster is used for the projection. Especially for image areas with a homogeneous color or structure, this can lead
to an unsteady positioning of the superpixels from image to image. Depending on the application relying on the superpixel
segmentation this could be an unwanted effect. In order to overcome this problem, one solution is to transfer the shape
of the superpixels to the new image to be initialized. This helps to preserve the shape information as well as the superpixel
constellation obtained in previous images, as it is at least the starting for the next optimization in the EM framework.
[0040] There are several ways to realize such an initialization of the new images. One is the shift of the complete
superpixel label using the mean optical flow, as depicted in Fig. 3(a). An alternative is the usage of a dense optical flow
predicted for each pixel of the superpixel. Thus, the superpixel label is projected into the new image as shown in Fig.
3(b). These two options have the following drawback: If two superpixels projected into the new image overlap, it is at
least necessary to detect this collision. In addition, it is possible that there are unassigned parts in the image that have
to be initialized, e.g. if adjacent superpixels are projected away from each other. Both cases are illustrated in Fig. 4,
which shows a ripped open superpixel label (light grey stripes) and overlapping areas (black), and apply in the same
manner to the shifting of pixels by a dense optical flow.

[0041] In order to circumvent these problems, it is proposed to use a dense optical backward flow, which is computed
from the image entering the observation window k + 1 to the preceding image k in the window. This approach is shown
in Fig. 3(c). Rounding the optical backward flow components u and v to the nearest integer for the horizontal and vertical
direction and clipping components pointing outside the valid image area, the initial mapping of pixels to cluster centers

As a consequence, the additional post-processing step required in TCS to ensure the spatial coherency is not

of the new image k + 1 denoted as 6'3?;'1;{_'_1 can be deduced from the previous mapping after L iterations of image k

as follows:

6.init — AL
xyk+1 = Yx+uytvk:

[0042] This approach solves the problem mentioned above and leads to an unambiguous label for each pixel. The
only issue left, which also exists for the forward optical flow, is that the projected superpixels can be fragmented, i.e.
they are not spatially coherent. In the case, in which a superpixel is fragmented, the largest fragment is determined and
the other fragments are set to unassigned and are handled in the E-step of the optimization as they are part of the
contour pixels.

[0043] In[6]a heuristic was introduced to encounter structural changes in the video volume, which are e.g. occlusions,
disocclusions, and objects approaching the camera as well as zooming. The decision to split or terminate a temporal
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superpixel was made based on a linear growth assumption of the superpixel size. Additionally, a separate balancing
step was performed to keep the number of superpixels per frame constant. In order to simplify the treatment of the
superpixels, these two steps are replaced with a single one by introducing an upper and lower bound for the superpixel
size. Superpixels that are larger than the upper bound after the optimization are split and the ones that are smaller than
the lower bound after the optimization are terminated. Therefore, these bounds are coupled to the number of superpixels
initially specified by the user. Thus, the user defines a minimum and maximum number of superpixels per image N,,;,

and N,,,,, respectively. Based on that, the upper and lower bound A, and A, are derived as follows
Apyw = —lPl and A,, = —lPl
low — up —
Nmax Nmin

where |P| is the number of pixels per image. In the present implementation a number of superpixels is specified as N

1
and N,,,;, and N,,,, are set to > N and 2N, respectively.

[0044] To summarize the proposed approach, the hybrid clustering scheme is extended to process in the assignment
step only contour pixels in the mutable images of the sliding window. The mutable images of the sliding window are the
current image and the future images.

[0045] New images that enter the sliding window are initialized in the following way. Between the new image that is
to enter the sliding window and the latest image in the sliding window the backward flow is computed. Based on this
backward flow for each pixel in the new image the corresponding pixel in the latest image is determined. Then, each
pixel in the new image is assigned to the same cluster the corresponding pixel in the latest image is assigned to. The
only issue left is that the projected superpixels can be fragmented, i.e. they are not spatially coherent. In the case of a
fragmented superpixel the largest fragment is determined and the pixels belonging to the other fragments are set to
unassigned. The unassigned pixels are handled in the E-step of the optimization.

[0046] Assignment changes are only done if the spatial coherency of the superpixels is guaranteed, which prevents
that fragments of a temporal superpixel are split-off during the optimization. In addition, any unassigned contour pixel
is assigned to the cluster of one of its adjacent pixels. As a consequence, no additional post-processing step is required
to ensure the spatial coherency.

[0047] The contour evolution-based clustering on the video volume including the contour propagation for the initiali-
zation leads to a high temporal consistency and a high boundary/contour accuracy, even on datasets with different kinds
of camera movement, non-rigid motion, and motion blur. Moreover, due to the selective processing (only contour pixels
are processed during the assignment step) a competitive run-time performance is achieved.

[0048] A method according to the invention for generating temporally consistent superpixels for a sequence of images
is schematically illustrated in Fig. 5. In a first step a cluster assignment is generated 10 for a first image of the sequence
of images, e.g. by clustering pixels of the first image into superpixels or by retrieving an initial cluster assignment for the
firstimage and processing only contour pixels with regard to their cluster assignment. Subsequentimages are initialized
11 based on a label propagation using backward optical flow. Then, for subsequent images of the sequence of images,
only contour pixels are processed 12 with regard to their cluster assignment.

[0049] Fig. 6 schematically illustrates an apparatus 20 according to the invention for generating temporally consistent
superpixels for a sequence of images. The apparatus 20 comprises an input 21 for receiving a sequence of images. A
cluster assignment generator 22 generates 10 a cluster assignment for a first image of the sequence of images, e.g. by
clustering pixels of the first image into superpixels or by retrieving an initial cluster assignment for the first image and
processing only contour pixels with regard to their cluster assignment. A label propagator 23 initializes 11 subsequent
images based on a label propagation using backward optical flow. A contour pixel processor 24 then processes 12 only
contour pixels with regard to their cluster assignment for subsequent images of the sequence of images. The resulting
superpixels are preferably made available at an output 25. Of course, the different units 22, 23, 24 of the apparatus 20
may likewise be fully or partially combined into a single unit or implemented as software running on a processor. Also,
the input 21 and the output 25 can likewise form a single bi-directional interface.
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Claims
1. A method for generating temporally consistent superpixels for a sequence of images, the method comprising:

- generating (10) a cluster assignment for a first image of the sequence of images;

- initializing (11) subsequent images based on a label propagation using backward optical flow; and

- for subsequent images of the sequence of images, processing (12) only contour pixels with regard to their
cluster assignment.

2. The method according to claim 1, wherein generating (10) the cluster assignment for the firstimage of the sequence
of images comprises clustering pixels of the first image into superpixels.

3. Themethod according to claim 1, wherein generating (10) the cluster assignment for the firstimage of the sequence
of images comprises retrieving an initial cluster assignment for the first image and processing only contour pixels
with regard to their cluster assignment.

4. The method according to one of the preceding claims, wherein an assignment change of a pixel is only done if the
spatial coherency of the superpixels is guaranteed.

5. The method according to one of the preceding claims, wherein in case of fragmentation of a superpixel, the largest
fragment of the superpixel is determined and pixels belonging to the remaining fragments of the superpixel are set
to unassigned.

6. Themethod accordingto claim 5, wherein any unassigned pixel is assigned to the cluster of one of its adjacent pixels.

7. The method according to one of the preceding claims, further comprising splitting superpixels that are larger than
an upper bound and terminating superpixels that are smaller than a lower bound.

8. The method according to claim 7, wherein the upper bound and the lower bound are determined from the number
of pixels per image and a minimum and a maximum number of superpixels per image, respectively.

9. An apparatus (20) configured to generate temporally consistent superpixels for a sequence of images, wherein the
apparatus (20) comprises:

- a cluster assignment generator (22) configured to generate (10) a cluster assignment for a first image of the
sequence of images;

- a label propagator (23) configured to initialize (11) subsequent images based on a label propagation using
backward optical flow; and

- a contour pixel processor (24) configured to process (12) only contour pixels with regard to their cluster
assignment for subsequent images of the sequence of images.

10. A computer readable storage medium having stored therein instructions enabling generating temporally consistent
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superpixels for asequence ofimages, wherein the instructions, when executed by a computer, cause the computer to:

- generate (10) a cluster assignment for a first image of the sequence of images;

- initialize (11) subsequent images based on a label propagation using backward optical flow; and

- for subsequent images of the sequence of images, process (12) only contour pixels with regard to their cluster
assignment.

11. A computer program comprising instructions enabling generating temporally consistent superpixels for a sequence
of images, wherein the instructions, when executed by a computer, cause the computer to:

- generate (10) a cluster assignment for a first image of the sequence of images;

- initialize (11) subsequent images based on a label propagation using backward optical flow; and

- for subsequent images of the sequence of images, process (12) only contour pixels with regard to their cluster
assignment.
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